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Summary
Objective: By means of scanning white light interferometry, develop a noncontact, nondestructive technique capable of measuring surface
topography of viable cartilage.
Methods: Using full thickness cylindrical cartilage explants obtained from bovine calf knees, experiments were performed to produce a surface
preparation protocol that yields highly repeatable topographical measurements while maintaining cartilage viability. To further validate the
technique, a series of human talar cartilage samples, displaying varying degrees of cartilage degeneration, was then subjected to interfero-
metric measurements and compared to their histology.
Results: A key aspect of the technique of surface topographic measurement by interferometry was the development of an optimal surface
preparation process. The technique was successfully validated against standard 2-D proﬁlometry. The intrinsic variability of the technique
is less than 2%, which is much less than the average point-to-point variability of 17% observed across a cartilage specimen. The technique
was hence sufﬁciently sensitive to readily detect differences in roughness between surfaces of healthy cartilage in different locations on the
bovine knee. Thus, the average roughness of the medial explants exceeded that of the lateral explants by 0.35 mmRa (P¼ 0.003) and the
roughness of the trochlear explants exceeded that of the condylar explants by 0.55 mmRa (P< 0.0001). Also, applying this technique to dis-
eased human talar cartilage samples, a statistically signiﬁcant increase in the average surface roughness value per unit increase in histolog-
ical degeneration score was observed (0.2 mmRa, P 0.041), making surface roughness obtained via interferometry a useful parameter for
evaluating cartilage health nondestructively.
Conclusions: The aim of developing a protocol based on white light interferometry to measure the surface topography of viable articular car-
tilage was achieved. This interferometric technique opens the door to monitoring the surface topography of live cartilage, as is desirable for ex
vivo tests on cartilage explants.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The surface of articular cartilage has been analyzed for
topography1, composition2, ﬁne structure3, collagen orienta-
tion4 and features such as asperities and grooves5. Its dis-
tinct topography allows for transport of nutritious ﬂuid under
elastohydrodynamic lubrication conditions6, and changes in
its topography impact lubrication mechanisms7. Topograph-
ical measurements have been used to evaluate the pro-
gression of cartilage wear8 and are a prerequisite for ex
vivo explant cultures, which have become increasingly pop-
ular in the ﬁeld of mechanobiology. In particular, ex vivo
wear tests designed to evaluate artiﬁcial cartilage repair
materials intended to articulate against natural cartilage
are currently being established9e11.
Different techniques have been used to investigate the to-
pography of articular cartilage including photography1, scan-
ning electronmicroscopy (SEM)2, stylus proﬁlometry7, stereo
photogrammetry12, magnetic resonance imaging13, atomic*Address correspondence and reprint requests to: Michel P.
Laurent, Rush University Medical Center, 1653 West Congress
Parkway, Chicago, IL 60612, USA. Tel: 1-312-942-9724; Fax: 1-
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1197force microscopy (AFM)14, and scanning white light interfer-
ometry15. Among these techniques, only AFM, proﬁlometry,
and interferometry provide the quantitative topographical
data necessary to understand the tribological behavior of car-
tilage surface. Although used extensively, SEMdoes not pro-
vide quantitative measurements of the surface topography
and is usedprimarily to study the arrangement of extracellular
matrix components within the tissue16.
Although AFM has been used to measure the surface
roughness of cartilage at the submicron level14, its strength
is in evaluating functional and mechanical properties of indi-
vidual matrix components17, as well as the frictional proper-
ties of cartilage at submicron level18. A limitation of AFM is
the small size of the areas (w100 mm2) that can be
scanned, making it impractical for measuring surface rough-
ness over macroscopic areas (25,000 mm2), as required
for example in the evaluation of cartilage wear11.
Interferometry has been used to evaluate cell adhesion
on composite ﬁlms in cell cultures19 and to measure the sur-
face proﬁle and roughness of thick biomimetic hydroxyapa-
tite layers20 and of substrate of cell templates21. Devices
with modiﬁed interferometric techniques, such as optical
coherence tomography, have been used to perform 3-D vol-
umetric reconstruction of biological tissues such as the
1198 V. K. Shekhawat et al.: Cartilage topography by interferometrycornea, lens and retina22,23. The use of interferometry to
characterize the surface topography of cartilage appears
very limited to date. In a recent study15, the technique
was utilized to examine features such as pits and ‘‘humps’’,
and to quantify the topography for parameters such as
roughness (Ra), root-mean-square deviation (Rq), and
skew (Rsk). However, the procedure used to prepare the
cartilage surface for topographical measurements was not
reported. In later studies, while examining larger surface
areas, interferometry was deemed less appropriate due to
tissue dehydration during measurement and was thus re-
placed with stylus proﬁlometry10. Stylus proﬁlometry, origi-
nally used in the 1960s to establish that surface
topography is a valuable indicator of cartilage health7, re-
mains the dominant technique for determining cartilage to-
pography10. Typically used in single trace mode, the
proﬁlometer captures a 2-D linear proﬁle of the surface.
Multiple parallel traces are required for 3-D data. Contact-
based and slow, stylus proﬁlometry can mar the cartilage
surface and reduce tissue viability. Proﬁlometry is therefore
inadequate for ex vivo cartilage wear tests where nonde-
structive monitoring of changes in surface topography is
crucial to an understanding of the underlying damage
mechanisms10,11. In view of these limitations with proﬁlom-
etry and the current availability of sophisticated interferom-
etry systems capable of making topography measurements
in seconds, reconsideration of the interferometry technique
becomes attractive.
Our aim was therefore to develop a noncontact, nonde-
structive technique for measuring surface topography of vi-
able cartilage explants in a fast, accurate, and reliable
manner using a commercially available scanning white light
interferometry system. We also demonstrated the utility of
the technique in two applications, namely, for quantifying to-
pography as a function of location on the bovine knee and
to determine the correlation of different grades of cartilage
degeneration to surface roughness values.Materials and methods
The interferometric technique entails two major steps: proper preparation
of the cartilage surface and topographical measurement of the prepared re-
gion. To address the former, experiments were performed to optimize the
surface preparation parameters and produce a surface preparation protocol
that yields highly repeatable topographical measurements while maintaining
cartilage viability. Standard stylus proﬁlometry was then used to effect a ver-
iﬁcation of the optimized interferometry technique. The technique was subse-
quently demonstrated in two applications, as mentioned in the aim of this
study. A ﬂowchart summarizing this development process is shown in Fig. 1.Fig. 1. Flowchart for the experiments and analyses undertaken in this stu
surface topogSPECIMEN PREPARATIONUnless otherwise stated, all the specimens were full thickness cartilage ex-
plants, 14 mm in diameter, obtained from 6 to 8 month old bovine calf knees
from the trochlear and condylar regions. The knees were acquired from a local
slaughterhouse (Chiappetti Lamb & Veal Corporation, Chicago, IL) and were
fromanimals slaughtered that sameday.During explantation, the cartilage sur-
face was kept moist with Dulbecco’s phosphate buffered saline 1X solution.
Upon retrieval, all explants were immediately washed and cultured in Dulbec-
co’smodiﬁedeagle’smedium, typeF12 (DMEM-F12)with 10% fetal bovine se-
rum (FBS) at 37C for 15 to 48 h, except for the explants used in the
optimization of the surface preparation method. These explants, for which
chondrocyte viability was determined, were cultured for a period of 5 days to
equilibrate and stabilize their biosynthetic activity levels24.INTERFEROMETRIC SURFACE ROUGHNESS MEASUREMENTSA state-of-the-art scanning white light interferometry microscope (New-
View 6300; Zygo Corp., Middleﬁeld, CT) was used for noncontact surface to-
pography measurements of the cartilage explants. The microscope vertically
scans the test area to generate a digital 3-D topographical map of the surface
with a vertical resolution of up to 0.1 nm, a value well below the surface
roughness values encountered in this work. The cartilage surfaces were
measured using a 20Mirau interferometric objective with a working dis-
tance of 4.3 mm and a lateral resolution of 0.87 mm. The ﬁeld of view of
0.702 0.527 mm2 was mapped onto a charge-coupled device (CCD) array
of 640 by 480 pixels, yielding up to 307,200 data points per measurement
with a spatial sampling of 0.55 mm. Stable interferograms were obtained us-
ing the surface preparation developed in this study, indicating the spatial sta-
bility of the live tissue and the absence of a discrete ﬂuid ﬁlm during the
measurement. The areal surface roughness, expressed as the arithmetic av-
erage Ra, was computed after correcting for geometry, typically a cylinder or
a plane. The topography data was otherwise unﬁltered.OPTIMIZATION OF THE SURFACE PREPARATION METHODGiven the importance of timely wetting of the cartilage surface for main-
taining tissue viability25, experiments were performed to minimize surface
preparation time while avoiding the presence of discrete ﬂuid ﬁlms during
the interferometry measurements. These optimization experiments were
conducted on trochlear and condylar cartilage explants obtained from eight
bovine calf knees. Using a quadratic response surface design of experi-
ment26, the following surface preparation parameters (input variables) were
evaluated multifactorially: whether to blot or not the surface with wipes (Kim-
wipes, Product Code 34155; Kimberly-Clark Corp., Dallas, TX), the duration
of the applied jet of nitrogen (0, 5 and 10 s) and air-drying time (0, 2.5, and
5 min). Given all the possible combinations of these levels for the input vari-
ables and ﬁve-fold replication of the mid points (nitrogen 5 s, air-drying
2.5 min), the experiment entailed testing 26 explants. All the topographical
measurements were performed at room temperature, 20 3C. The re-
sponse variables were total chondrocyte viability, superﬁcial zone viability,
and proportion of valid interferograms. The values of these response vari-
ables were maximized with respect to the input variables using the optimiza-
tion scheme of Myers and Montgomery27. In this scheme, each input and
response variable is assigned a desirability index whose value varies from
0 to 1, where 1 denotes complete fulﬁllment of the criterion for that parame-
ter. A global optimization parameter, proportional to the geometric mean of
all the desirability indices, was then calculated to yield an optimizationdy to develop the interferometric technique for quantifying cartilage
raphy.
1199Osteoarthritis and Cartilage Vol. 17, No. 9surface as a function of the input parameters. The optimized surface prepa-
ration protocol used input values in the region that maximized the global op-
timization parameter. The validity of the chosen values for the input
parameters with respect to chondrocyte viability (see next heading) and per-
centage of valid interferograms was subsequently veriﬁed on a set of 30 ex-
plants: 15 controls and 15 explants subjected to the chosen surface
preparation protocol followed by the interferometric measurement. The cell
viability measurements were performed 1 and 7 days after the interferometric
measurements. Between measurements, the explants were cultured in
DMEM-F12 media with 10% FBS at 37C.CHONDROCYTE VIABILITY DETERMINATIONAfter topographical measurements, full width, 1 mm thick sections were
obtained from the condylar and trochlear explants, in the anterior e posterior
and in the inferior e superior directions, respectively. The sections were
stained in Dulbecco’s phosphate buffered saline 1X solution containing cal-
cein AM and ethidium homodimer-1 (LIVE/DEAD Viability/Cytotoxicity Kit;
Molecular Probes, OR) and incubated at 37C for a period of 20 min. The
stained sections were imaged using a ﬂuorescence-light microscope
(Eclipse TE2000-S; Nikon Instruments Inc, NY), a 5 objective and a CCD
camera (SPOT RT-KE Color 3-Shot, Model 7.3; Diagnostic Instruments,
MI). ImageJ software28 was used to perform live and dead cell counts for
the obtained images to quantify total explant cell viability and the cell viability
of the superﬁcial zone. The top 15% of the cartilage thickness was deﬁned as
representative of the superﬁcial zone of the explants29. This method did not
distinguish between necrotic and apoptotic cell death.VERIFICATION OF THE INTERFEROMETRIC MEASUREMENTSInterferometric and proﬁlometric methods were compared on a set of 16
cartilage explants retrieved from the bovine knee joint of a 6-month old ani-
mal. To obtain the maximum range of surface roughness values, explants
were retrieved in equal number from four distinct regions on the distal femur,
namely, the medial and lateral aspects of the trochlear groove and the medial
and lateral condyles. The specimens were stored in culture media at 4C un-
til use. The surface roughness measurements obtained by interferometry
were evaluated against those acquired using a standard stylus proﬁlometer
(Mahr Feinpruf S8P Perthometer; Mahr-Perthen, Go¨ttingen, Germany). The
developed surface preparation technique was implemented, and the ex-
plants were individually measured with the interferometry microscope at
four predeﬁned points over the prepared cartilage surface. Four such mea-
surements per cartilage explant were made, located at the corners of
a square 5 mm on a side and centered on the disk. The explants were
then re-immersed in culture media to maintain hydration, cultured overnight,
and identically re-prepared the following day and re-measured on the proﬁl-
ometer. The classical 2-D proﬁlometry measurements were performed using
a diamond stylus with a 10 mm tip radius. Proﬁlometry data was acquired
along two longitudinal and two transverse linear paths, each pair approxi-
mately 2 mm apart and symmetrically positioned about the disk center.
Each path yielded eleven consecutive 0.702 mm traces consisting of 708
x-y data points with a spatial sampling of 0.99 mm. Each trace was corrected
for inclination, and the Ra was calculated from the otherwise unﬁltered data,
to match the processing for the interferometric measurements. In this man-
ner, a total of 44 Ra measurements per cartilage explant were obtained.1
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Air Drying TimeThe intra-plug variability (resulting from inherent variation in cartilage sur-
face topography) was obtained for four explants that were subjected to the
developed surface preparation method and measured at nine locations on
each explant surface, on a 3 3 grid with a 2 mm gap between measured
areas. The variability was computed as the root-mean-square of the standard
deviations for the explants. To determine the intrinsic variability (limitation of
the microscope), the explants were re-hydrated for 1 h, identically re-pre-
pared, and each consecutively measured 15 times at a single location,
with an interval of 15 s between measurements. This location overlapped
the central point of the 3 3 grid. The intrinsic variability was computed as
the standard deviation of these measurements.0 1 2 3 4 5 6 7 8 9 10
0
1
Nitrogen Flush Time (s)
(mn) LOCATION DEPENDENCE OF SURFACE ROUGHNESS IN LIVE
CARTILAGEFig. 2. Optimization surface for the surface preparation and interfer-
ometric measurement of the cartilage explants with respect to nitro-
gen spray and air-drying times. Chondrocyte viability and the
fraction of valid interferograms increases with the global optimiza-
tion parameter. The latter is 0.9 to 1 in the region enclosed bySixteen full thickness cartilage explants, procured from two bovine calf
knees, were evenly divided into four groups based on location (trochlear
groove, condylar region) and aspect (medial, lateral). They underwent sur-
face roughness measurements by interferometry using the optimized proto-
col developed in this study. The surface roughness values were evaluatedfor the effect of cartilage location and aspect by two-way Analysis of variance
(ANOVA).INFLUENCE OF CARTILAGE DEGENERATION ON SURFACE
TOPOGRAPHYThree human ankles with cartilage degeneration characteristic of that
seen in osteoarthritis were obtained from two donors aged 66 and 77 years
through the Gift of Hope Organ and Tissue Donor Network with IRB (Institu-
tional Review Board) approval from Rush University Medical Center. The
joints were thawed from 80C and stored at 4C. From each talus, four
full thickness, 8 mm in diameter cartilage explants, were procured from rep-
resentative areas having different visual cartilage degeneration scores30. To
ensure that the region subsequently sectioned for histology corresponded
with the region measured for topography, each explant surface was marked
with reference points using a needle dipped in India ink. After surface prep-
aration, the topography was measured at three adjacent areas centered
about the plug axis and aligned in the physiological medial-lateral direction.
Following the measurements, the explants were prepared for histological ex-
amination by ﬁxation, dehydration, parafﬁn embedding and staining with Saf-
ranin O/Fast green. Photomicrographs were then taken with a confocal
microscope (Eclipse E600; Nikon Instruments Inc.) at 25 magniﬁcation.
The 36 areas, each approximately 0.7 mm wide, that matched the topo-
graphically measured areas were then cropped from these images. Each im-
age was then blindly graded by an experienced senior investigator (C.
Muehleman) using a macroscopic scale from 0 (normal), 1 (shallow ﬁbrilla-
tion) to 2 (deep ﬁbrillation)34.STATISTICSThe correlation between interferometric and stylus proﬁlometric rough-
ness values was performed with standard regression analysis using the
statistical software SPSS 10.0 (SPSS Inc., Chicago, IL). Cell viability dif-
ferences between groups and differences between histological cartilage
degeneration grades and Ra values were investigated with one-way AN-
OVA using Design Expert, version 6.0 (Stat-Ease, Inc., Minneapolis,
MN). The multifactorial optimization experiments were designed and ana-
lyzed by ANOVA using Design Expert. Signiﬁcance was set to P< 0.05.
Unless otherwise stated, the  values following means are standard
deviations.ResultsSURFACE PREPARATION PROTOCOL AND CHONDROCYTE
VIABILITYSurface topographic measurement of cartilage by inter-
ferometry required the development of an optimal surface
preparation process. Optimization experiments to maxi-
mize chondrocyte viability and the proportion of validthe circle.
Table I
Chondrocyte viabilities in explants that underwent the surface preparation protocol and interferometric topography measurements (Tested
explants) vs in explants that did not (Controls). Cell viability was measured 1 and 7 days after the interferometric measurements
Total explants Superﬁcial zone
Controls 1
day
Tested
explants 1
day
Controls
7 days
Tested
explants
7 days
Controls
1 day
Tested
explants
1 day
Controls
7 days
Tested
explants
7 days
Average (% live) 66.0 68.4 67.8 65.9 71.0 71.7 72.0 77.9
Standard deviation (% live) 8.4 7.1 7.2 8.3 15.0 7.3 17.7 10.0
Standard error (% live) 2.2 1.9 1.9 2.2 4.3 1.9 4.7 2.7
Decrease* (% live) 2.4 1.9 0.7 5.9
P valuey 0.79 0.26 0.56 0.86
Detectable decreasez (% live) 8 8 13 15
*Chondrocyte viability in tested explants minus viability in the controls.
yOne-tailed t-test to determine if the tested explants have lower cell viability than the controls. The one-tailed test is more severe than the
two-tailed test for this purpose.
zFor power¼ 0.8 and P¼ 0.05.
1200 V. K. Shekhawat et al.: Cartilage topography by interferometryinterferograms, while minimizing nitrogen and air-drying
times led to the surface preparation optimization surface
shown in Fig. 2, in which a global optimization parameter
is plotted as a function of the two preparation inputs.
Based on this optimization surface, the following surface
preparation method was established: the cartilage surface
is lightly blotted with low-lint wipes, sprayed with a jet of
nitrogen for 2 to 3 s, using a 1.5 mm diameter nozzle
and gas pressure of 40 psi, and air-dried for a period of
1 to 2 min at room temperature. Blotting with wipes was
found necessary to maintain cartilage viability because it
decreased the time required to remove excess surface
ﬂuid compared to just spraying with nitrogen and air-dry-
ing. Cartilage explants subjected to the prescribed sur-
face preparation method and interferometric
measurement exhibited total and superﬁcial zone chon-
drocyte viabilities that were not statistically signiﬁcantly
lower than those of controls not subjected to such treat-
ment, as determined 1 and 7 days after the interferometric
measurement (Table I). The average cell viability de-
crease did not exceed 1.9% live cells compared to the
controls. The proportion of valid interferograms obtained
on this set of explants was 94.6%, excluding one explant
with a surface too concave for a proper interferometric
measurement.VERIFICATION OF THE INTERFEROMETRIC MEASUREMENTSThe Ra surface roughness values obtained with this inter-
ferometric technique on a set of 16 bovine knee femoral car-
tilage explants correlate linearly with those obtained by
standard stylus proﬁlometry. The slope of the least squares
ﬁt line is 0.96, with R2¼ 0.72 (P¼ 0.0001) (Fig. 3). The
slope is not statistically signiﬁcant from 1 (P¼ 0.81). Slight
remnants of the proﬁlometry traces were detected by inter-
ferometry on one specimen, appearing as linear tracks with
a depth of w0.3 mm.VARIABILITY IN THE MEASUREMENTSFig. 3. Correlation between surface roughness measurements
made by interferometry and proﬁlometry.The relative standard deviation or variability within a spec-
imen (intra-plug variability) was an average of 17%,
whereas the relative standard deviation for repeated mea-
surements on the same spot (intrinsic variability) was
<2%. The roughness values were not signiﬁcantly time-
dependent over the 210 s time intervals of these variabilitymeasurements. Thus, the last three values of the ﬁfteen
values taken for each specimen were not statistically signif-
icantly different from the ﬁrst three values (P¼ 0.25, paired
t-test).LOCATION DEPENDENCE OF SURFACE ROUGHNESS IN LIVE
CARTILAGEAs an illustration of the application and capability of the
interferometric technique, the surface roughness values
of cartilage explants procured from different locations on
the bovine distal femur were compared. The average Ra
of 1.05 0.5 mm for medial explants was signiﬁcantly
higher than the corresponding value of 0.70 0.2 mm for
lateral explants (P¼ 0.003). Similarly, the average Ra value
of 1.15 0.4 mm for trochlear explants was signiﬁcantly
higher than the value of 0.60 0.1 mm for condylar ex-
plants (P< 0.0001), although this difference is more prom-
inent on the medial side (P¼ 0.0023 for the interaction
term). Differences in topography between locations are
also evident in the 3-D spatial plots, with the condylar ex-
plants exhibiting more ﬁne structure than the trochlear
Fig. 4. 3-D plots of the cartilage surface topography at four locations on the bovine knee.
1201Osteoarthritis and Cartilage Vol. 17, No. 9explants, even though the latter have a higher average Ra
value (Fig. 4). To the naked eye, the cartilage surfaces ap-
peared smooth with slight ‘‘orange peel’’ texture, and their
differentiation based on location and aspect was not
evident.INFLUENCE OF CARTILAGE DEGENERATION ON SURFACE
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p = 0.041 p = 0.004
p = 0.006In view of their potential clinical relevance, surface rough-
ness measurements were also made on human osteoar-
thritic cartilage explants to investigate their
correspondence to histological cartilage degeneration
grades. Using human talar cartilage, the average surface
roughness values for grades 0, 1 and 2 were
0.80 0.3 mm, 1.0 0.3 mm and 1.70 0.9 mm, respec-
tively. The differences in surface roughness values between
the three grades were all pairwise statistically signiﬁcant
(P< 0.05, Fig. 5). Representative histological sections of
the talar cartilage used in the study are shown in Fig. 5
for the three grades. Consistent with grade assignment30,34,
there is an increase in chondrocyte death and a decrease in
matrix staining with an increase in grade. Surface disconti-
nuities can be seen for grades 1 and 2.0.0
0 1 2
Histological Degeneration Grades
R
a
 
S
u
Grade 0 Grade 1 Grade 2
Fig. 5. Surface roughness of osteoarthritic cartilage relates to the his-
tological grading. Top: The roughness values increase with increas-
ing histological grades. Data are expressed as the mean standard
error. Bottom: Representative histological sections for the three
grades.Discussion
The aim of developing an interferometry protocol to mea-
sure the surface topography of viable articular cartilage
was achieved. The measured Ra values were in good agree-
ment with those obtained with standard stylus proﬁlometry,
conﬁrming the accuracy of the interferometric technique.
The total time required by interferometry (3e5 min), including
surface preparation, was much lower than that required by
proﬁlometry (30e35 min) for measuring a similar area, in
part because of the imaging capability of the NewView
6300 microscope. Indeed, 3-D topography data is acquired
with this microscope, rather than the 2-D proﬁles, allowingfor a more complete and realistic topographical characteriza-
tion of the surface. Although not inherent to the interferome-
try method and beyond the scope of this study, the powerful
and versatile MetroPro software (Zygo Corp.) controlling the
microscope permits a sophisticated analysis of the topogra-
phy data and the calculation of a wide array of surface rough-
ness parameters, such as the mean peak-to-valley height
(Rz), bearing ratio (Rk), ﬂatness, skew (Sk), number of peaks,
and number of valleys.
Equally important, the interferometric technique did not sig-
niﬁcantly decrease the proportion of live cells in the cartilage
when compared to hydrated controls. Being noncontact, the
technique does not leave marks or introduce artifacts on the
surface. Also, the entire process of surface preparation and
1202 V. K. Shekhawat et al.: Cartilage topography by interferometryinterferometric measurements can be performed under sterile
conditions, as needed for tissue cultures. Fast, nondestructive,
and benign to cartilage viability, the interferometric technique
is thus suitable for monitoring topographical changes during
experiments of ex vivo cartilage.
The interferometric technique has a low intrinsic coefﬁ-
cient of variance (‘‘variability’’), determined to be <2% of
the Ra surface roughness. Thus, a 4% difference in Ra be-
tween two spots could be detected at the 95% conﬁdence
level with a power of 0.8 with only four interferometric mea-
surements at each spot, given that only the microscope
contributes to the standard deviation. More often, the sur-
face roughness values of two or more areas are compared,
in which case the intra-area variability comes into play. Here
the intra-explant variability was approximately 17%. Be-
cause the total variance for a measurement is the sum of
the variances from the various uncorrelated sources of var-
iability, the contribution of the intrinsic term to the total var-
iance is less than 22/172 or 1.4%, corresponding to
a contribution of less than 1% to the overall standard devi-
ation of the measurement. It may therefore be concluded
that under most situations the interferometry technique will
contribute negligibly to the variance of the surface rough-
ness measurements.
We are not aware of any reports on the intrinsic variability
of stylus proﬁlometry on cartilage. Because stylus proﬁlom-
etry leaves tracks, repeated measurements in the same lo-
cation may signiﬁcantly impact the surface roughness
values, making it difﬁcult to obtain a meaningful measure
of intrinsic variability for this technique.
A limitation of the interferometric technique is that, in con-
trast to the proﬁlometric technique, it requires proper sur-
face preparation to remove discrete ﬂuid ﬁlms that may
introduce optical artifacts. Another limitation is the fairly
small size of the ﬁeld of view, conﬁned to 0.7 0.5 mm2
in our study due to the inherent waviness and irregularity
of articular cartilage combined with the limited vertical
scan (150 mm) of the microscope. This limitation can be
overcome by performing multiple measurements in the re-
gion of interest. Stitching of adjacent ﬁelds to obtain a larger
contiguous area is possible but may be restricted by the
substantial curvature typical of many articular cartilage sur-
faces. Excessive curvature makes it necessary to repeat-
edly focus the microscope as it travels across the area. It
may also require an even smaller ﬁeld of view than used
here. For many applications, however, these limitations
will be outweighed by the speed and the noncontact, non-
destructive nature of the technique.
Applying the capability of the interferometric technique to
measure the topography of live cartilage, we made the inter-
esting ﬁnding that cartilage surface roughness on the bovine
distal femur is location dependent. Thus, the roughness
values of explants from themedial aspect and from the troch-
lear groovewerehigher than thoseof explants from the lateral
aspect and the condyles, respectively. Even though the
structural properties and load-bearing regions of articular car-
tilage have been reported to vary with location within the
joint12,31, this is toour knowledge theﬁrst report of aquantiﬁed
location-dependent variation in cartilage roughness. The im-
plications of these results need to be further investigated. The
roughness variations may be connected with the loads and
motions to which the cartilage is subjected. Although location
has not been a consideration in some recent lubrication stud-
ies of bovine knee cartilage32,33, our ﬁndings suggest it may
be a signiﬁcant factor.
Histological examination of osteoarthritic cartilage can re-
veal surface characteristics such as ﬁbrillation,discontinuity, vertical ﬁssures and delamination34. As these
characteristics increase the roughness of a surface, osteo-
arthritic cartilage is expected to have a higher roughness
than healthy cartilage. During the investigation of lubrication
mechanisms of the synovial joints, it was noted that osteo-
arthritic cartilage had as much as ﬁve times higher surface
roughness of healthy cartilage7. Visual and histological ex-
aminations of osteoarthritic tissue have also conﬁrmed the
observation that disease changes the surface topography
of articular cartilage30,35,36. Our ﬁndings of increasing sur-
face roughness with histological degeneration score in hu-
man tali with cartilage degeneration characteristic of that
seen in osteoarthritis are consistent with these observa-
tions. Moreover, the interferometric technique offers the
possibility of systematically quantifying relationships of sur-
face topography with histological observations of surface
morphology and subsurface structure.
The interferometric technique developed here is expected
to be applicable across species, given the inter-species sim-
ilarity of cartilage in terms of composition, thickness, meta-
bolic activity and functional response18. Indeed, in the
present study the technique was successfully applied to per-
form topographical measurements of young, healthy bovine
cartilage, as well as of mature, diseased human cartilage.Conﬂict of interest
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